Synonymous codons are widely selected for various biological mechanisms in both prokaryotes and eukaryotes. Recent evidence suggests that microRNA (miRNA) function may affect synonymous codon choices near miRNA target sites. To better understand this, we perform genome-wide analysis on synonymous codon usage around miRNA target sites in four plant genomes. We observed a general trend of increased site accessibility around miRNA target sites in plants. Guaninecytosine (GC)-poor codons are preferred in the flank region of miRNA target sites. Within-genome analyses show significant variation among miRNA targets in species. GC content of the target gene can partly explain the variation of site accessibility among miRNA targets. miRNA targets in GC-rich genes show stronger selection signals than those in GC-poor genes. Gene's codon usage bias and the conservation level of miRNA and its target also have some effects on site accessibility, but the expression level of miRNA or its target and the mechanism of miRNA activity do not contribute to site accessibility differences among miRNA targets. We suggest that synonymous codons near miRNA targets are selected for efficient miRNA binding and proper miRNA function. Our results present a new dimension of natural selection on synonymous codons near miRNA target sites in plants, which will have important implications of coding sequence evolution.
Introduction
Mutations at synonymous codon sites are normally assumed to be evolutionarily neutral because these mutations do not change their encoded protein sequences (Yang and Nielsen 2000) . Under this assumption, functional sites in protein coding sequences (CDS) are identified by comparing nonsynonymous substitution rate with synonymous substitution rate (Yang and Bielawski 2000) . However, increasing evidences have suggested synonymous codons are under many selection pressures in both prokaryotes and eukaryotes (Duret 2002; Chamary et al. 2006) . A well-known selection constraint in bacteria, yeast, worm, and plant is translational accuracy and efficiency (Ikemura 1985; Cohen and Mayfield 1997; Akashi and Eyre-Walker 1998; Duret 2002; Chamary and Hurst 2005a; Morton and Wright 2007; Zhou et al. 2009 ). In mammals, synonymous codons are selected for stable DNA secondary structures (Vinogradov 2003) , proper nucleosome positioning (Warnecke et al. 2008) , optimized mRNA stability (Chamary and Hurst 2005b; Stoletzki 2008) , efficient mRNA splicing Warnecke and Hurst 2007) , proper protein co-translational folding (Thanaraj and Argos 1996; Komar et al. 1999) , and efficient translation initiation (Kudla et al. 2009; Gu et al. 2010; Tuller et al. 2010) . The inclusion of synonymous codon selection has made more accurate inferences in evolutionary analysis of protein CDS (Nielsen et al. 2007; Yang and Nielsen 2008; Zhou et al. 2010) .
Recently, many studies have suggested that microRNA (miRNA) function may affect synonymous codon choices as well (Hurst 2006 (Hurst , 2011 Tay et al. 2008; Brest et al. 2011) . MiRNAs are small RNAs as important post-transcriptional regulators in animals, plants, and viruses (Axtell et al. 2011) . MiRNAs can bind complementarily to their target mRNA sequences, resulting in translational repression, RNA degradation, or RNA cleavage (Bartel 2009 ). Tay et al. (2008) experimentally validated that miRNA interactions with Nanog, Oct4, and Sox2 coding regions could modulate embryonic stem cell differentiation in mouse. Notably, they observed that some silent mutations in miRNA target sites could abolish miRNA activity and delay the induced phenotype (Tay et al. 2008) . Brest et al. (2011) concluded that human Crohn's disease was associated with a synonymous substitution located in miR-196 target region in IRGM. Another computational analysis revealed a low synonymous substitution rate at several miRNA target sites in human protein CDS (Hurst 2006) . All these observations suggested that synonymous codons in miRNA target sites (especially nucleotides pairing with miRNA seed region) were selected since their base pairing interactions with miRNA sequences are crucial in miRNA function (Bartel 2009 ).
Other than nucleotides directly targeted by miRNAs, sequences near miRNA target sites are also important for miRNA function (Long et al. 2007 ). In the process of miRNA activity, binding of gene transcripts with RNA-induced silencing complexes (RISCs) is an important step (Brodersen and Voinnet 2009; Fabian et al. 2010) . Several structural and sequence features around miRNA target sites, especially miRNA target site accessibility (Long et al. 2007) , were found to be related to miRNA binding (Gu et al. 2009; Hausser et al. 2009; Sun et al. 2010; Lin and Ganem 2011) . Hence, synonymous codons around miRNA target sites are probably selected to facilitate miRNA binding by making miRNA target region more accessible.
Here, we tried to investigate this possible selection on synonymous codons near miRNA target sites at the genome scale. Although many miRNA target sites were exemplified in protein CDS in animals (Forman et al. 2008; Tay et al. 2008; Rigoutsos 2009; Forman and Coller 2010; Schnall-Levin et al. 2010 , 2011 , it is still a big challenge in identifying all miRNA target regions in protein CDS of animal genomes (Miranda et al. 2006) . Unlike animals, most miRNA targets are located in protein coding regions in plants (Jones-Rhoades and Bartel 2004) . Since plant miRNAs are nearly perfect complementary to their target sites , computational prediction of miRNA targets is much more efficient in plants. Hence, we performed our analysis on four plant genomes to test our hypothesis. We used computational methods to calculate site accessibility of each miRNA target region. To estimate the significance of synonymous codon selection for site accessibility, we permutated mRNA sequences near miRNA target sites and assessed the deviation of site accessibility in wild-type miRNA target region from random expectation. We tested whether there were selection signals on synonymous sites around miRNA target sites for increased site accessibility in plants. We also addressed whether there were variations of site accessibility among miRNA targets in a genome. If there were variations among miRNA targets within species, we further looked into several factors that may affect site accessibility.
Materials and Methods

Genome Data
We performed our analysis on four plants, including Arabidopsis thaliana (ath), Oryza sativa (osa), Populus trichocarpa (ptr), and Zea mays (zma). We downloaded protein CDS of all four genomes from Ensembl (http://plants.ensembl.org, release 9 April 2011) (Kersey et al. 2010 ) using BioMart (Haider et al. 2009 ). For genes with multiple transcripts, we chose the longest transcript.
MiRNA Data
We downloaded known miRNAs in these species from miRBase (http://www.mirbase.org, release 16 September 2010) (Kozomara and Griffiths-Jones 2011) . We then used psTarget server (http://plantgrn.noble.org/psRNATarget) to identify all putative miRNA targets in the CDSs. All miRNA target regions in CDSs are available in supplementary data 1 (Supplementary Material online).
MiRNAs are dynamically gained and lost along plant evolution (Axtell and Bowman 2008) . Some miRNAs are well conserved in all land plants, whereas some are specific to a single species or lineage. To investigate the effects of miRNA conservation on site accessibility, we classified miRNAs in A. thaliana into three groups-A. thaliana unique miRNAs, A. thaliana-and Arabidopsis lyrataspecific miRNAs, and conserved miRNAs. We obtained the conservation category of each miRNA from Fahlgren et al. (2010) . Similarly, miRNA target regions experience dynamic gain or loss in evolution (Axtell and Bowman 2008) . We classified miRNA target regions in A. thaliana into two groups-A. thaliana-specific targets and conserved targets in A. thaliana and A. lyrata. We also parsed the conservation category of each miRNA target region from Fahlgren et al. (2010) .
Expression Data
To evaluate if gene expression or miRNA expression have effects on site accessibility of miRNA target region, we downloaded Massively Parallel Signature Sequencing (MPSS) data for mRNAs and miRNAs in A. thaliana from plant MPSS database (http://mpss.udel.edu/at/mpss_index.php) . We used two different measures in estimating the expression level from MPSS data. We summed the number of sequenced short tags in each mRNA or miRNA over all tissues (Exp sum ) as one measure of expression level. Other than Exp sum , we counted the number of tissues with sequenced tags in each mRNA or miRNA (Exp tissue ) as another measure. To eliminate the false positives of low expression levels caused by sequencing errors, we only considered mRNAs or miRNAs with four or more tags in a tissue as valid MPSS data (Wright et al. 2004 ).
Site Accessibility
Site accessibility represents the difficulty in opening miRNA target region for its binding with RISCs (Axtell et al. 2011 ). In our analysis, an miRNA target region contained 21 nucleotides directly targeted by miRNA, 17 flank upstream nucleotides, and 10 flank downstream nucleotides. We chose this window of 48 nucleotides as miRNA target region since site accessibility of this region has the best correlation to measured expression of miRNA target transcript (Kertesz et al. 2007 ). We used DG open to quantify site accessibility of each miRNA target. DG open is the difference between the free energy of the ensemble of all secondary structures of the target region and the free energy of all target region structures in which the target sites are unpaired region (Kertesz et al. 2007 ).
Other than DG open , we calculated the free energy of local secondary structure of the target region (DG local ) to measure RNA stability near miRNA target regions. We used RNAddG4 program in PITA package (Kertesz et al. 2007) to calculate DG open and DG local with default parameters. In RNAddG4, RNAfold (Hofacker 2003) was used to calculate the free energy of RNA secondary structures (Kertesz et al. 2007 ). As suggested in previous studies (Zhao et al. 2005; Kertesz et al. 2007; Lu and Mathews 2008; Richter et al. 2010; Ying et al. 2011 ), we used a segment of mRNA sequences, rather than the full-length mRNAs, Gu et al. · doi:10.1093/molbev/mss109 MBE when calculating DG open and DG local . The input mRNA segment included 48 nucleotides in miRNA target region and additional 140 flank upstream and downstream nucleotides. The use of this mRNA segment was based on the facts that the probability of base pairing when nucleotides are separated by more than 140 nucleotides was low (data not shown), and it could substantially reduce computational complexity.
mRNA Randomization and Z-score Calculation If selection acts on synonymous codons near miRNA target sites to facilitate miRNA binding, site accessibility of this region in real mRNAs should be statistically different from that of randomized sequences. Therefore, separately for each gene, we randomly shuffled synonymous codons among sites with identical amino acid, which keeps the same peptide sequence, global codon usage pattern, and Guanine-cytosine (GC) composition. Since miRNA target sites are important for miRNA recognition and function, codons targeted by miRNAs are not shuffled in the randomization. We generated 1,000 such resampled sequences for each gene.
For real mRNA sequence and each permutated sequence, we calculated DG open , DG local , and GC content in sliding windows of 48 nucleotides with a step of 16 nucleotides around miRNA target region. To determine the deviation of the real sequence from the randomized ones, we calculated the
Here ðDG open Þ N is the site accessibility for the naturally occurring target site under consideration. ðDG open Þ P i is the site accessibility for the target site in ith permuted sequence, and ðDG open Þ p is the mean of ðDG open Þ P i over all permuted sequences. The variable n represents the total number of permuted sequences. Here, we have n at 1,000.
Similarly, we also evaluated the difference of free energy of local mRNA structure and GC content around miRNA targets between natural mRNA sequences and permutated sequences. We calculated the Z-score of free energy of local mRNA secondary structure ðZ DG local Þ and Z-score of local GC content Z GC as formulas below: fig. 1) . To investigate the effect of window size on site accessibility, we repeated our analysis using sliding windows with different number of nucleotides in miRNA target region. We tested different numbers of flank upstream and downstream nucleotides with 21 nucleotides bound to miRNAs. Results from these analyses were comparable with those we observed above in all four species (supplementary table S1, Supplementary Material online).
Similarly, we performed the sliding window analysis of DG local in all four genomes (supplementary fig. S1 and data 3, Supplementary Material online). DG local is the free energy of local secondary structure of miRNA target region. A positive Z DG local means selection for loose RNA secondary structure near miRNA target sites. We observed significantly reduced mRNA stability near miRNA targets in O. sativa (t-test, P 5 0.0002) and Z. mays (t-test, P 5 0.003). When sliding windows moved upstream or downstream from miRNA target region, Z DG local decreased and some of them had negative values (supplementary fig. S1 , Supplementary Material online). But, mean DG local value of all miRNA targets was positive in A. thaliana (t-test, P 5 0.46) and P. trichocarpa (t-test, P 5 0.07) (supplementary fig. S1 , Supplementary Material online).
GC-Poor Codons Are Preferred Near miRNA Target Sites in Plants
We observed increased site accessibility near miRNA target sites in four genomes. But, how synonymous codons were selected to have increased site accessibility in miRNA target region? We calculated Z GC in miRNA target region for all four species. Z GC is the deviation of local GC content in real mRNA sequences from that of random expectation. Negative Z GC means GC-poor codons are preferred in miRNA target region. We found strong correlations between Z DG open and Z GC in all four species (fig. 2) . Therefore, GC-poor codons were likely to be selected in miRNA target region for increased site accessibility to facilitate miRNA binding.
Within-Genome Variation of Z DG open in miRNA Target Region
We used the mean value of Z DG open across all miRNA targets in a genome to detect selection signals at the genome level. Substantial variation of Z DG open value was observed among miRNA targets within species ( fig. 1) . Therefore, we next investigated several potential factors that may affect site accessibility near miRNA target sites.
We first considered gene GC content. We found significant negative correlations between gene GC content and Z DG open near miRNA target sites in A. thaliana, O. sativa, and Z. mays ( fig. 3) . We further extracted miRNA targets in genes with the highest 5% and the lowest 5% GC content. We compared mean Z DG open of these two groups of miRNA targets. miRNA target sites in genes with higher GC content tended to have lower Z DG open in all species (supplementary fig. S2, Supplementary Material online) . Z DG open of target sites in genes with the lowest 5% GC content did not show significant deviations from zero (t-test, P . 0.05 for all species; supplementary fig. S2 , Supplementary Material online). Notably, even though we only found marginally significant signal of selection near miRNA target sites when all miRNA target regions were considered in A. thaliana ( fig. 1 ), miRNA targets in GC-rich genes did show significant deviations of reduced site accessibility (t-test: P 5 0.002; supplementary fig. S2 , Supplementary Material online).
Next, we considered gene codon usage bias. We used ENC (effective number of codons) to measure gene's codon usage bias (Wright 1990 ). The higher a gene's codon usage bias the lower is the gene's ENC. We compared Z DG open of target sites in genes with the top 5% ENC to genes with the bottom 5% ENC in all species. We observed significant differences between Z DG open mean of these two groups of miRNA targets in P. trichocarpa (t-test, P 5 0.028) and Z. mays (t-test, P 5 0.0001), but not in A. thaliana (t-test, P 5 0.054) and O. sativa (t-test, P 5 0.08) (supplementary fig. S3 (fig. 4) . We finally tested whether expression level of miRNA or its target mRNA could account for Z DG open variation within species. There was no obvious Z DG open difference between miRNA targets with the highest 5% expression level and the lowest 5% expression level of miRNA (t-test, P 5 0.52 for Exp sum and P 5 0.69 for Exp tissue ) or its target genes (t-test, P 5 0.14 for Exp sum and P 5 0.10 for Exp tissue ) in A. thaliana (supplementary figs. S4 and S5, Supplementary Material online). Other than expression of miRNA or its target, we also considered the mechanisms that miRNA used to regulate the expression of target mRNA. We compared Z DG open of miRNA targets with different miRNA activity mechanisms in all four species. We did not observe any Z DG open difference (t-test, ath: P 5 0.08, osa: P 5 0.14, ptc: P 5 0.37, zma: P 5 0.67) between targets regulated by RNA degradation and those regulated by translational repression in all four genomes (supplementary fig. S6 , Supplementary Material online).
Discussion
The degeneracy of the genetic code allows protein CDS to carry abundant additional information other than amino acid sequences (Bollenbach et al. 2007; Itzkovitz et al. 2010) . Synonymous codons have been related to DNA structure (Vinogradov 2003) , nucleosome positioning (Warnecke et al. 2008) , RNA stability (Chamary and Hurst 2005b; Stoletzki 2008) , RNA splicing Warnecke and Hurst 2007) , translation accuracy and efficiency Duret 2002) , and translation initiation (Kudla et al. 2009; Gu et al. 2010; Tuller et al. 2010) . Recently, synonymous mutations in miRNA target sites have been observed to be able to change miRNA activities (Tay et al. 2008 ) and cause disease (Brest et al. 2011) . We have surveyed miRNA binding information in protein CDS using four plant genomes in this study. We have found that synonymous codons are generally selected near miRNA target sites in four genomes ( fig. 1 ). Site accessibility in miRNA target region tends to be higher than randomly expected given target gene's amino acid sequence, codon usage bias, and miRNA target sites. Our results are comparable with those reported by some experimental studies (Kertesz et al. 2007; Gu et al. 2009; Hausser et al. 2009 ). They have observed that decreased site accessibility near miRNA target region can substantially abolish miRNA activity (Kertesz et al. 2007; Gu et al. 2009; Hausser et al. 2009 ).
We have found that the signal of negative Z DG open is uniquely located near miRNA target region along the mRNA sequence ( fig. 1 ). This suggests that the increased site accessibility near miRNA target region is related to miRNA function. When sliding window moves upstream or downstream from miRNA target region, Z DG open increases gradually and shifts to a positive value ( fig. 1) . The positive Z DG open value in other sliding windows means mRNA segments elsewhere in the gene tend to be locally structured. This is consistent with previous observations that synonymous codons are selected for stable mRNA secondary structure in many organisms (Seffens and Digby 1999; Chamary and Hurst 2005b; Gu et al. 2010) .
We have performed our analysis using a window of 48 nucleotides (21 nucleotides targeted by miRNA, 17 flank Synonymous Selection for miRNA Binding · doi:10.1093/molbev/mss109 MBE upstream nucleotides, and 10 flank downstream nucleotides) as the miRNA target region. This is comparable with the region proposed in Kertesz et al. (2007) and Hausser et al. (2009) . Kertesz et al. (2007) have experimentally altered nucleotides near miRNA target sites and measured miRNA activity for different miRNAs in human, mouse, fly, and worm (Kertesz et al. 2007) . They have found a maximum correlation between site accessibility and miRNA activity when the region has 17 flank upstream and 13 flank downstream nucleotides. Hausser et al. (2009) have shown that site accessibility of a target region with 12 flank upstream and 12 flank downstream nucleotides can explain most of the activity variations among miRNA targets in human. Our results have observed that site accessibility of a similar region in protein CDS is evolutionarily selected in plant genomes, which suggest its important biological role in miRNA action. In addition to site accessibility, RNA secondary structure near miRNA target sites is also important in miRNA activity (Long et al. 2007 ). We have found reduced RNA stability near miRNA target sites in some species (supplementary fig. S1 , Supplementary Material online). GC-poor codons are locally preferred around miRNA target sites for loose secondary structure ( fig. 2) . Site accessibility and RNA secondary structure are related to each other, since site accessibility is based on RNA secondary structure in calculation. In our results, we have observed significant correlations between Z DG open and Z DG local in all genomes (supplementary fig.  S7 , Supplementary Material online). But, selection signals in miRNA target region for reduced site accessibility ( fig. 1 ) are more obvious than that for reduced local RNA stability (supplementary fig. S1 , Supplementary Material online). This is comparable with the observations in two previous studies (Kertesz et al. 2007; Hausser et al. 2009 ) that site accessibility is more related to miRNA activity than RNA secondary structure.
We have observed substantial variation in the extent to which increased site accessibility is selected among miRNA targets within species. We have found that several factors, such as gene's GC content, conservation level of miRNA and its target, and gene's codon usage bias, can explain the variation among miRNA targets. First, the increase of site accessibility is greater for miRNA targets in genes with higher GC content. For genes with lower GC content, site accessibility near miRNA targets can be high enough for miRNA binding. Therefore, there is no extra need to selectively use GC-poor codons near miRNA target sites to facilitate miRNA binding in genes with lower GC content. Second, we have found miRNA target regions with conserved miRNAs or miRNA targets have significant increases of site accessibility. However, recently gained miRNAs or miRNA targets in A. thaliana do not show any selection signal in miRNA target region. This is consistent with the observation of reduced purifying selection with young miRNA genes and its targets in A. thaliana (Axtell and Bowman 2008; Fahlgren et al. 2010; Cuperus et al. 2011 ). Third, we have found that gene's codon usage bias has some effects on site accessibility near miRNA target sites. In principle, genes with higher codon usage bias (lower ENC) should have lower Z DG open . In our results, we have observed that Z DG open is significantly lower in genes with the highest 5% codon usage bias in O. sativa, P. trichocarpa, and Z. mays (supplementary fig. S3 , Supplementary Material online). Other than gene's GC content, codon usage bias, and the conservation level of miRNA and its target, we have considered some other factors, including miRNA expression, miRNA target expression, and mechanism of miRNA activity. We have not found any effect on site accessibility near miRNA target sites for these factors. In fact, whereas mRNA expression level is the input quantity of miRNAs for miRNA activity, the target gene expression level is the final output of miRNA activity. Mechanisms of miRNA action are the underlying biological pathways by which mRNAs are repressed by miRNAs. Even though these factors are relevant to the whole process of miRNA-mediated gene regulation, they may have little role in the process of miRNA binding. Since site accessibility is an important feature in miRNA binding, it is reasonable to observe no effects on Z DG open variations when these factors are considered.
Although site accessibility is generally selected in miRNA target region in several plant genomes, the deviation of Z DG open from zero is marginally significant in A. thaliana when all miRNA targets are considered together ( fig. 1) . However, it is notable that some subsets of miRNA targets in A. thaliana do show significantly decreased site accessibility in miRNA target region. For example, miRNA target regions in genes with the highest 5% GC content (supplementary fig. S2 , Supplementary Material online), those targeted by Arabidopsis lineage-specific miRNAs ( fig. 4) , and those are conserved in Arabidopsis lineage ( fig. 4) have Z DG open significantly less than zero in A. thaliana. This suggests that site accessibility in miRNA target region is selected in A. thaliana, although the selection signal is weak. The reason why we have observed site accessibility The conservation of miRNA has three levels: A. thaliana specific (ath specific), Arabidopsis lineage specific (ath-aly specific), and deep conserved (universal). Instead, the conservation of miRNA targets had two levels: A. thaliana specific (ath specific) and Arabidopsis lineage specific (ath-aly specific). Gu et al. · doi:10.1093/molbev/mss109 MBE differences among species is largely unknown. Previous studies have suggested that synonymous codons are primarily selected for efficient and accurate mRNA translation in A. thaliana (Morton and Wright 2007) . Compared with translation efficiency and accuracy, site accessibility is local selection constraint acting on synonymous codons in miRNA target region. Therefore, selection signal of increased site accessibility near miRNA target sites is probably screwed up by strong signals induced by translational selection in A. thaliana.
We have presented a new dimension of selection constraint on synonymous codons for miRNA function in plants. Given increasing evidences of miRNA targets in animal genomes (Forman et al. 2008; Tay et al. 2008; Rigoutsos 2009; Forman and Coller 2010; Schnall-Levin et al. 2010 , 2011 , this selection constraint may exist in animal genomes as well. It is worthy of taking a systematic survey of site accessibility in miRNA target region when more miRNA targets in protein CDS are identified in animal genomes.
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